| INTRODUCTION
The use of proton beam therapy has been increasing rapidly. As the Pencil Beam Scanning (PBS) technology has become commercially available in the recent 10 years, 1 nearly all the new proton centers under the contract or constructions are now configured with only PBS technique. Compared to passive-scattering technique, Intensity Modulated Proton Therapy (IMPT) based on PBS technique allows for creating a more conformal dose distribution to target volume while resulting in a less body integral dose and ultimately less neutron dose. 1, 2 For a majority of the current commercial proton beam systems, the minimum proton beam energy ranges from 70 to 100 MeV which is about 4.1-7.5 cm in water-equivalent thickness (WET). In order to treat superficial target volume such as patients with head and neck cancer (HNC), and brain tumors, a range shifter (RS) is normally needed to attenuate the proton beam energy. [3] [4] [5] The RS which is normally composed of slab of plastics such as acrylonitrile butadiene styrene (ABS) and polyethylene [3] [4] [5] which broadens the proton beams due to the secondary scattering. 6 In order to reduce the scattering and keep a smaller spot size, the air gap between the gantry nozzle and patient's skin must be reduced. Thus, the proton gantry nozzle causes potential collision concerns with the patient's body especially in the vicinity of the shoulder region during the treatment of HNC. 7 In order to avoid using RS, Both et al. introduced a rigid U-shaped bolus placed close to the patient's head and neck region as an alternative. 4 The advantage was to reduce the air gap and therefore the proton beam was able to maintain the spot size. However, as a trade-off, it also introduced additional workload for the therapists to mount this heavy U-shaped bolus on the table every time during the Computed Tomography (CT) simulation as well as to the couch following the daily imaging alignment prior to the radiation delivery. Another challenge is the size of bolus which needs to be carefully selected to fit patient's anatomy. Additionally, it also introduces WET inhomogeneity at the edge of bolus near the connection area to the couch top which limits the proton beam angle selections due to the range uncertainties. 4 It is very difficult to model a continuous moving RS configuration due to the secondary proton scattering. Shen et al. 8 and Li et al. 9 have been addressing these issues using analytical model as well as an in-house Monte Carlos simulation. Moreover, commissioning of a RS also requires extensive measurements. 8 To overcome such limitations in proton beam therapy, air gap <10 cm between the patient body and RS is recommended in order to minimize the dose calculation error. 10 In addition, larger air gap results in a larger spot size which makes robust coverage of the CTV while sparing critical structures less likely. Thus, to minimize such air gap, the potential collisions between the gantry nozzle and patient's shoulder became a concern in treating bilateral HNC. With so many disadvantages and inconvenient clinical workflow with using RS, it is critical to evaluate the role of RS and possibly eliminating it in treating bilateral HNC patient using IMPT.
Normally, three to four field IMPT with RS were used in the bilateral HNC treatment. We hypothesize that by increasing the degree of freedom or beam angle directions, IMPT is able to deliver a robust prescription dose to the bilateral HNC target without (Fig. 1) . Higher objective value indicates the plan deviate more from the same objective functions. This result showed a very interesting phenomenon that IMPT_noRS plan objective value was actually lower than IMPT_RS when the beam number was increased to four or more. In other words, it is not necessary to use RS in treating bilateral HNC via IMPT if four or more beam angles are used and the plan quality could be further improved. Our results did however confirm that RS is highly needed and recommended for treatment of bilateral HNC if <4 fields are used in IMPT robust planning ( Fig. 1 ).
3.B | Plan quality comparison: four-field IMPT with RS vs. four-field IMPT without RS
The initial result shows that 4F IMPT_noRS is able to provide an overall equivalent or better plan quality over 4F IMPT_RS in terms of target coverage and OARs sparing (Fig. 2) in which CTV high and CTV inter/low HI was improved with an average of 0.95 to 0.97 (p = 0.007) and of 0.96 to 0.97 (p = 0.004) respectively (Table 1) .
Mean dose to ipsilateral parotid gland and skin was reduced from 34.1 Gy [RBE] to 32.10 Gy [RBE] (p = 0.007) and 16.26 [RBE] to 11.99 Gy [RBE] (p = 0.031) respectively. Furthermore, root-mean square deviation dose comparison between 4F IMPT_RS and 4F
IMPT_noRS was plotted in Fig. 3 . The AUC calculation indicates that 4F IMPT_noRS is able to provide a comparable or better robustness over 4F IMPT_RS in the target and organs at risk with an exception of skin (Table 1) . As a trade-off, 4F IMPT_noRS requires additional average of 7.5 more energy layers per plan due to the smaller spot size and narrower pristine bragg peak without using RS (p = 0.001).
As a result, the beam delivery time using 4F IMPT_noRS was slightly longer than 4F IMPT_RS (Table 1) . with four or more beam angles. Moreover, the study finds that plan objective value will continue to drop as the number of beam angles is increasing (Fig. 1 ). Hence, a better plan quality can be achieved with more beam angles. However, the delivery time also prolongs as the number of energy layers and spots increases with more beam angles used (Fig. 4 ) which result in a longer delivery time per plan. In current routine clinical practice, the maximum number of proton beam angles used for treating bilateral HNC patients is four fields.
As the ELST is still the most important concept for the PBS delivery efficiency, there has been multiple publications 14, 15 on the energy layer reduction methods to shorten the beam delivery time for IMPT and results has been promising. Thus, the most important question is to evaluate the feasibility of using more beam angles while reducing the delivery time while maintaining similar plan quality.
4.A | Explore the plan quality and feasibility of increasing the number of beam angles
To test the feasibility and the plan quality of using more beam angles for bilateral HNC patients, eight-field IMPT without RS plans (8F IMPT_noRS) were created using the same 10 patient CT structure sets as described above. Beam angles in 8F IMPT_noRS were evenly distributed (45 o apart) and energy layer reduction method 14, 15 was used to reduce the total number of energy layers while maintaining a similar robust plan quality. Dosimetric quality and beam delivery time of each plan was evaluated by comparing 8F
IMPT_noRS and 4F IMPT_noRS plan groups ( Fig. 2 ).
It was found that the treatment plan tended to use lower MU weighting per spots as the number of beam angle increased. Such phenomena will push the proton system to its delivery limitation. The proton therapy has become more utilized in the last decade and advances in techniques are in progress. Range shifters can cause many limitations in delivering proton radiotherapy and therefore, efforts are warranted to decrease the use of such device. In treating bilateral HNC patients, RS can be omitted if four or more beams angles are used. Dosimetric outcome could ultimately be better without using RS as there would be less scatter radiation due eliminating interactions with the RS materials. Using more beam angles also resulted in lower objective value and potential to improve the plan quality ( Fig. 1 ). Delivering radiation with more beam angles however, could result in extending the delivery time. Therefore, the energy layer reduction methods could effectively reduced the beam delivery time making the 8F IMPT_noRS clinically feasible. Nevertheless, one of the limitation of this study is that the beam delivery time is estimated based on a single room system, as a result the room switching time and waiting time from a multiroom proton center were not estimated. Hence, additional time is needed to be added to compensate the difference between the single room and multiroom system system. 16 In a busy multiroom center, IMPT with eight beam angles might still not be practically feasible due to the long waiting time. (SPArc) therapy, 13, 17, 18 future proton therapy systems might be able to deliver a dynamic proton arc treatment via a single continuous arc rotation which could ensure both robust plan quality and delivery efficiency. Of course, there are still a lot of challenges in both gantry hardware and control system software in order to deliver such dynamic proton arc treatment in clinical settings.
CONCLUSI ON
Through this study, it is warranted that each institution is able to find an optimum solution to compensate the plan robust quality as well as the clinical workflow and feasibility to treat bilateral HNC patients. Similar concept using IMPT without RS could be potentially applied to other disease sites with the target volume extended to the superficial area. However, each clinical case is different which may need fewer beams as possible to capitalize on the potential to remove dose from noneffected tissues. 
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